Active deformation in southern California occurs in two discrete structural provinces. To the south of ϳ34ЊN latitude, the Peninsular Ranges structural province is characterized by northwest-trending strike-slip faulting, northwest motion of crustal blocks relative to stable North America, and negligible vertical-axis block rotation. In contrast, the Transverse Ranges province to the north of ϳ34ЊN latitude is charac- 
boundary zone based on the sequence of structural overprinting reconciles apparently discrepant geologic, paleoseismic, and geodetic data, data suggesting that the boundary zone is dominated by long-term strike-slip, intermediate-term oblique-slip, and short-term dip-slip displacement.
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San Gabriel Mountains Bourne et al., 1998; Hornafius et al., 1986; Jackson and Molnar, 1990) . Principal crustal blocks include the Peninsular Ranges structural province, western Transverse Ranges, San Gabriel Mountains, and the Sierra Nevada. Faults are the Malibu Coast-Santa Monica-Hollywood (MSH), Sierra Madre-Cucamonga (SMC), San Andreas (SA), San Jacinto (SJ), Elsinore (E), Newport-Inglewood (NI), Palos Verdes (PV), and Santa Cruz Island (SC). The rotation of the western Transverse Ranges is indicated by the looping arrow. Note that the western portion of the Peninsular Ranges structural province includes the highly extended Borderlands region, one of several tectonic and geologic differences between the eastern and western portions of this province (Crouch and Suppe, 1993; Wright, 1991) . The Peninsular Ranges province is defined as a tectonic province dominated by northwest-trending strike-slip faulting. 
INTRODUCTION
Continental transcurrent plate boundaries are often characterized by diffuse zones of deformation within which the relative motion between the plates is accommodated by dip-and strike-slip fault displacement and vertical-axis block rotation (McKenzie and Jackson, 1983) . Structural development of southern California in the Neogene associated with PacificNorth America plate motion provides one of the best documented examples of this mode of crustal deformation (e.g., Hornafius et al., 1986; Jackson and Molnar, 1990; Luyendyk, 1991; Molnar and Gipson, 1994) . Major structures in southern California define two discrete provinces. To the south of ϳ34ЊN latitude, the Peninsular Ranges province is characterized by northwest-trending strike-slip faulting, northwest motion of crustal blocks relative to stable North America, minor shortening perpendicular to the strike of major faults, and negligible vertical-axis block rotation (Bourne et al., 1998) (Fig. 1) . Motion of the Peninsular Ranges relative to North America is toward the northwest (ϳ320Њ) and the rate increases with distance west from the southern San Andreas fault. In contrast, the Transverse Ranges province to the north of ϳ34ЊN latitude is characterized by west-trending oblique-slip faulting and a significant component of north-south crustal shortening ( Fig. 1 ) (Jackson and Molnar, 1990; Molnar and Gipson, 1994) . Paleomagnetic data demonstrate ϳ90Њ clockwise rotation of the Transverse Ranges since the early Miocene ( Fig. 2) (Hornafius et al., 1986; Luyendyk, 1991; Terres and Luyendyk, 1985) . Thus, the motion of the Transverse Ranges relative to stable North America is a combination of northwestward translation and vertical-axis block rotation ( Fig. 2) (Hornafius et al., 1986; Ingersoll and Rumelhart, 1999; Luyendyk, 1991; Nicholson et al., 1994) .
When relative plate motion is accommodated by a broad zone of shear that includes regions undergoing vertical-axis block rotation, complex slip histories for faults within and Model relating plate configuration and velocity to the ratio of faultparallel (fp)-fault-normal (fn) motion on the Malibu Coast-Santa MonicaHollywood fault system (plate configurations Nicholson et al., 1994) . Snapshots of the velocity and ratio are given for 5 Ma (A), 2.5 Ma (B), and the present (C). The Malibu Coast-Santa Monica-Hollywood fault system is generalized as a line to illustrate the fp-fn ratio in plan view changes systematically in the face of steady block rotation (6Њ/ m.y.) and plate motion (D). PR-Peninsular Ranges; SAF-San Andreas fault; SN-Sierra Nevada, TR-Tranverse Ranges.
bounding the rotated domain are likely (Wright, 1991) . Simple geometrical models demonstrate that the sense of displacement on block-and domain-bounding faults depends on the relative plate-motion vector, rotation rate, sense of rotation (clockwise or counterclockwise), and degree of coupling to the shear couple boundary (Dickinson, 1995; Ingersoll and Rumelhart, 1999; Jackson and Molnar, 1990; Molnar and Gipson, 1994) . Moreover, rotation of both the blocks and their bounding faults is explicitly required (McKenzie and Jackson, 1983; McKenzie and Jackson, 1986) . Consequently, the ratio of dip-to strikeslip on block-and domain-bounding faults will vary as a function of the orientation of faults with respect to the plate motion vector and depends on the extent to which the edge of the domain is coupled to adjacent nonrotating domains and to the shear boundaries. Geodetic data and slip vectors of earthquakes indicate that internal deformation of the Transverse Ranges is marked at present by a significant component of north-south shortening and thickening (Argus et al., 1999; Jackson and Molnar, 1990; Molnar and Gipson, 1994) , although the magnitude of that component of motion is unclear (Bawden et al., 2001) . A comparison of rates of rotation from geodetic data with paleomagnetic data suggest that the rotation rate of the Transverse Ranges has varied little over the past 15 m.y. (6Њ ‫ע‬ 2Њ/m.y.) (Molnar and Gipson, 1994) . Plate reconstructions indicate that both the direction and the rate of Pacific-North American motion have been steady over the past 7 m.y. (Atwater and Stock, 1998) . Relatively constant rates of rotation of the Transverse Ranges and plate motion imply that the partitioning between dip-and strike-slip displacement on faults within the boundary region between the Transverse and Peninsular Ranges must have changed systematically over the past 7 m.y. (Fig. 2) .
The Malibu Coast-Santa Monica-Hollywood fault system is part of a system of active folds and faults that define the southern structural boundary between the Transverse and Peninsular Ranges provinces (Figs. 1 and 3) (Wright, 1991) . Re- A. Dolan et al. ( , 2000 is marked cp. Freeways are denoted by numbers and selected surface streets are denoted by name. LA marks the position of downtown Los Angeles. Modified from (Dibblee, 1989 (Dibblee, , 1991a (Dibblee, , 1991b (Dibblee, , 1992 Dolan and Sieh, 1992b; Hoots, 1931; Hummon et al., 1994; Jennings and Strand, 1969; Lamar, 1970; Schneider et al., 1996) .
gional tectonic reconstructions suggest that the long-term history of the Malibu Coast-Santa Monica-Hollywood fault is characterized by left-lateral displacement from 15 to 60 km since early to late Miocene time (Lamar, 1970; Truex, 1976; Yeats, 1968; Yeats, 1976) . Contrasting tectonic models of the mid-Pliocene to late Quaternary displacement on the Malibu Coast-Santa Monica-Hollywood fault argue for negligible lateral motion of the Transverse Ranges relative to the Peninsular Ranges (Wright, 1991) and for significant left-lateral motion (Walls et al., 1998) .
To document the degree of coupling between the rotating and nonrotating domains of southern California, we investigate the Pliocene-Quaternary slip history of the Hollywood fault, which forms the eastern end of the Malibu Coast-Santa Monica-Hollywood fault system (Fig. 3) . The hanging wall of the Hollywood fault is the eastern end of Santa Monica Mountains anticline, an east-trending fault-propagation fold (Davis and Namson, 1994) . The footwall of the Hollywood fault is the Elysian Park anticline, a northwest-trending fault-propagation fold developed in the boundary region between the Peninsular and Transverse Ranges provinces (Oskin et al., 2000) . Transfer of a portion of the Elysian Park anticline to the hanging wall of the Malibu Coast-Santa Monica-Hollywood fault system is argued from structural and map observations. On the basis of the structural chronology interpreted from these relationships, a new model for development of the two anticlines and the fault system in response to the differential motion of the Transverse Ranges relative to the Peninsular Ranges is proposed. Bedrock geologic relationships constrain net displacements of 1.5 ‫ע‬ 0.2 km of strike-slip and 1.7-2.5 km of dip slip on the Hollywood fault during the past 2.5-5 m.y. Geomorphic observations are also consistent with less than 1 km of left slip across the boundary zone during the Quaternary. Both data sets suggest that the southern boundary of the Transverse Ranges has remained relatively coupled to the adjacent Peninsular Ranges for at least the past 2.5 m.y. Offsets of pre-Pliocene stratigraphic units used to argue for significant left slip across the boundary zone must have developed prior to the current contractional regime. The model reconciles apparently discrepant geologic, paleoseismic, and geodetic data that suggest that the boundary zone is dominated by long-term strike-slip, intermediate-term oblique-slip, and short-term dip-slip displacement, respectively.
PRINCIPAL STRUCTURES IN THE TRANSVERSE-PENINSULAR RANGES BOUNDARY ZONE NEAR DOWNTOWN LOS ANGELES
A semicontinuous fault system marks the southern boundary of the Transverse Ranges ( Fig. 1) (Hornafius et al., 1986; Luyendyk, 1991) . The Sierra Madre-Cucamonga fault system defines the southern boundary from ϳ118ЊW longitude east to the San Andreas fault (Terres and Luyendyk, 1985) . To the west of ϳ118Њ, the Malibu Coast-Santa Monica-Hollywood fault system comprises a series of individual fault segments that extend to the west, offshore into the Santa Barbara Channel (Hornafius et al., 1986; Luyendyk, 1991; Seeber and Sorlien, 2000) . In detail, the boundary region west of ϳ118Њ is a zone of distributed deformation including oblique-slip reverse faults and associated folds described collectively as the Santa Monica Mountains anticlinorium (Fig. 3) . At the northern end of the Los Angeles basin, the Santa Monica Mountains anticlinorium comprises the Santa Monica Mountains anticline, the Wilshire arch, and the Santa Monica and Hollywood faults.
Several parallel, northwest-trending zones of transcurrent deformation divide the Peninsular Ranges (Fig. 1) . These zones are deflected westward and become zones of oblique convergence as they approach the Transverse Ranges boundary. The Elysian Park anticlinorium comprises a series of uplifts that extend northwest of the Elsinore fault trend to form the northeast edge of the Los Angeles basin (Fig. 3) . The principal structures of the Elysian Park anticlinorium near downtown Los Angeles are the Elysian Park anticline and the Las Cienegas monocline (Davis et al., 1989; Davis and Namson, 1994; Dolan et al., 1995; Schneider et al., 1996; Wright, 1991) . Considerable attention has focused on the Elysian Park anticlinorium because the 1987 Whittier Narrows earthquake likely occurred on the blind fault system at depth beneath the anticlinorium to the southeast of the study area (Allmendinger and Shaw, 2000; Davis et al., 1989; Hauksson and Jones, 1989; Lin and Stein, 1989; Shaw and Shearer, 1999) .
The Santa Monica Mountains anticlinorium and the Elysian Park anticlinorium converge in a structurally complex region to the west and northwest of downtown Los Angeles in the eastern Santa Monica Mountains and Elysian Hills (Fig. 3 ). Folds and faults in the eastern Santa Monica Mountains and Elysian hills trend either east or northwest ( Fig. 3A) (Dibblee, 1991a (Dibblee, , 1991b Hoots, 1931) . East-trending structures are the Santa Monica Mountains anticline and the Hollywood fault (east-northeast trending); the Hollywood fault coincides with the sharp, linear topographic break and a discontinuous series of scarps that define the southern mountain front ( Fig. 3B ) (Dibblee, 1982 (Dibblee, , 1991a (Dibblee, , 1991b Dolan and Sieh, 1992b; Hoots, 1931) . Upper Mesozoic Santa Monica slate intruded by a suite of late Mesozoic plutons and unconformably overlain by the Miocene Topanga and Modelo formations are exposed in the core and on the flanks of the anticline. Growth strata in the east Beverly Hills oil field indicate initial growth of the Santa Monica Mountains anticlinorium by ca. 5 Ma (Schneider et al., 1996; Tsutsumi et al., 2001; Wright, 1991) .
Northwest-trending folds are crosscut by the Hollywood fault. North of the Hollywood fault, in the easternmost Santa Monica Mountains, the Griffith Park anticline-syncline pair is exposed between Cahuenga Pass and the Los Angeles River (Fig. 3B ). The Griffith Park anticline is defined by the trend of a structural culmination, expressed at the surface by folded late Mesozoic granitic rocks unconformably overlain by the Miocene Topanga and Modelo Formations. The axis of the Griffith Park anticline plunges northwest. In detail, a series of low-amplitude, short-wavelength folds are present across the crest of the culmination (Dibblee, 1982) . Cahuenga Pass is a structural low between the Griffith Park and Santa Monica Mountains anticlines, which coincides with the axis of the Griffith Park syncline. Middle Miocene strata (the Topanga Formation) are structurally and stratigraphically continuous between the Santa Monica and Griffith Park anticlines and lie unconformably on crystalline basement (Fig. 3) (Hoots, 1931 ). An acute angle is formed between the two anticlines (Fig. 3) .
The Elysian Park anticline is the principal bedrock structure to the south, in the footwall of the Hollywood fault (Fig. 3A) . The anticline extends ϳ20 km to the southeast from the point where it intersects the eastern segment of the Hollywood fault in the Elysian Hills (Fig. 3) . A northwesterly trend characterizes the axial trace of the fold. Numerous low-amplitude, short-wavelength folds, whose structural trends are subparallel to the primary axis, characterize the surface expression of the fold (Lamar, 1970; Oskin et al., 2000; Wright, 1991) . Folded Middle to upper Miocene Puente Formation (equivalent to the Modelo Formation), and younger strata are exposed at the surface (Lamar, 1970) . Along the crest of the Elysian Park anticline, Puente Formation strata unconformably overlie basement rocks that are inferred to be the Santa Monica Slate (Lamar, 1970; Tsutsumi, 1996; Tsutsumi et al., 2001; Wright, 1991) . Puente Formation overlies Topanga Formation on the limbs of the anticline (Davis et al., 1989; Wright, 1991) . A disconformity at the base of Fernando Formation exposures in downtown Los Angeles may indicate initiation of development of the Elysian Park anticline (Soper and Grant, 1932) . Development of the anticline is marked stratigraphically by an angular unconformity developed between the Lower Fernando (Repetto) and Upper Fernando (Pico) Formations (Soper, 1943) . Age estimates for the base of the Lower and Upper Fernando Formation are ca. 5 Ma and 2.5 Ma, respectively (Blake, 1991) . Active growth of the Elysian Park anticline is indicated by deformed Quaternary fluvial terraces (Bullard and Lettis, 1993; Oskin et al., 2000) .
Each of the principal structures in the eastern Santa Monica Mountains and Elysian Hills is apparently truncated by the Hollywood fault. Map relationships between the fault and bedrock structures to the north, in the hanging wall, suggest that the fault consists of discrete western and eastern segments (H w and H e , respectively; Fig. 3B ). The western segment (H w ) trends northeast, is subparallel to the trend of the Santa Monica Mountains anticline, and apparently loses displacement eastward into the core of the anticline (Fig. 3B) . In contrast, the eastern segment (H e ), which defines the easternmost 8 kilometers of the mountain front, trends east-northeast and cuts the Griffith Park anticline-syncline pair and the Elysian Park anticline at a high angle. Truncation of these folds by the H e is implied by the large angle between the folds and fault, and the observation that neither anticline has an obvious counterpart immediately across the fault trace. Paleoseismic data indicate that the Hollywood and the Santa Monica fault to the west are active (Fig. 3A ) (Dolan and Pratt, 1997; Dolan et al., , 2000a 
BEDROCK AND GEOMORPHIC CONSTRAINTS ON HOLLYWOOD FAULT OFFSET
Eastern segment of the Hollywood fault
Net slip and slip sense for the Malibu Coast-Santa Monica-Hollywood fault system reflect successive episodes of transtension and transpression accompanying the rotation of the Transverse Ranges in the Cenozoic (Ingersoll and Rumelhart, 1999; Luyendyk, 1991) . Post-Oligocene left-lateral offset on the fault system of Ͼ60 km has been inferred from stratigraphic data and from apparent offsets in pre-Cenozoic basement structure (Lamar, 1970; Truex, 1976; Yeats, 1968; Yeats, 1976) . Offset of the Tarzana submarine fan (Redin, 1991) suggests 15-16 km of left-lateral separation on the Malibu Coast-Santa Monica-Hollywood fault system since late Mohnian time (8-6.5 Ma) (Blake 1991) . Quaternary slip sense and offset for the fault system are best constrained for the Malibu Coast segment in the west (Fig. 3) (Birkeland, 1972; Dibblee, 1982; Dolan and Sieh, 1992b; Dolan et al., 1995 Hoots, 1931; Johnson et al., 1996; McGill, 1989) . In contrast, paleoseismologic data from the Santa Monica and Hollywood fault segments constrain only the dip-slip component of displacement (Dolan and Pratt, 1997; Dolan et al., , 2000a .
Structural relationships in the eastern Santa Monica Mountains and Elysian hills contain information on the net fault-slip sense and magnitude on the eastern Hollywood fault segment over the past 2.5-5 m.y. (the time scale of Santa Monica and Elysian Park anticline growth). The apparent truncation of the Elysian Park and Griffith Park anticlines at the eastern Hollywood fault suggest that they may be the same fold offset across the Hollywood fault. Each of the folds has a similar northwest trend in map view, folds rocks of similar age, and forms an acute angle with the Santa Monica Mountains anticline (Fig.  3) . This correlation enables tentative use of the fold for estimation of the strike-and dip-slip components and rates of displacement since 5 or 2.5 Ma. To use the fold axis as a piercing point to estimate the dip-slip component of fault slip, three observations are required: (1) the trend and plunge of the hinge line in the hanging wall and footwall of the fault (the line of inflection between fold limbs at the crest of a fold defines the hinge line), (2) the depth or elevation of a hinge line from a common structural or stratigraphic level in each piece of the fold, and (3) the fault dip angle. The hinge line defines the piercing point, which when projected up or down plunge onto the plane of the fault, allows the dip-slip component of displacement to be measured. Lateral separation is revealed by map relationships (Fig. 3) . Net slip can thus be determined from independent measures of each component of separation.
Left separation of the anticline along the eastern segment of the Hollywood fault is ϳ1.5 ‫ע‬ 0.2 km, with the uncertainty a function of position of the axial trace of the anticline (Fig. 4 and Table 1 ). A contact between the basement and Miocene volcanic rocks is also offset across the fault in a left sense. Lateral separation measured from this contact at the ground surface is less (850 m) than that of the fold axis. This difference may be a function of partitioning of slip between the individual splays comprising the eastern segment in detail (i.e., where the 850-m offset reflects displacement across only the northern strand of the eastern segment; Fig. 4) . The trend and plunge of the Griffith Park and Elysian Park fold axes were determined via stereographic projection of the pole to the best-fitting great circle of poles to bedding attitudes from the Hollywood and Los Angeles geologic maps (28Њ, N65W, n ‫ס‬ 108; 6Њ, N53W, n ‫ס‬ 152, respectively; Fig. 5 ) (Dibblee, 1989 (Dibblee, , 1991b . Hollywood fault dip angle was estimated to be between 70Њ and 90Њ based on observed dip at the surface and in the shallow subsurface (Dibblee, 1982 (Dibblee, , 1991b Dolan and Sieh, 1992a; Hoots, 1931; Lamar, 1970; McGill, 1989) . Elevation of the basement-cover contact in the Griffith Park anticline was determined in the field north of the fault (Dibblee, 1991b) . Structural and stratigraphic data suggest that the sediment-basement contact is at a depth of ϳ400 to 800 m in the subsurface at the crest of the Elysian Park anticline in the Elysian Hills (Blake, 1991; Davis et al., 1989; Dibblee, 1982 Dibblee, , 1989 Dibblee, , 1991b Division of Oil and Gas, 1991; Hoots, 1931; Lamar, 1970; Wright, 1991; Yeats and Beall, 1991) .
Dip-slip displacement estimated by projection of the hinge line at the basement-cover contact to its intersection with the fault plane is sensitive to plunge, fault dip, and depth and elevation of the contact in the footwall and hanging wall, respectively ( Fig. 6 and Table 1 ). The minimum and maximum displacements, given a fault plane dip of 70Њ or 90Њ and footwall depth to the basement-cover contact of ‫004מ‬ m, are then ‫ע‬ 1.7 and 2.1 km (Table 1) , respectively. If the footwall depth to the basement-cover contact is ‫008מ‬ m, then the minimum and maximum displacement are ‫ע‬ 2.1 and 2.5 km, respectively. The estimate of the dip slip component is higher for a more shallowly dipping fault (50Њ; Table 1 ). Minimum (90Њ fault dip, ‫004מ‬ m depth), and maximum (70Њ, ‫008מ‬ m depth), left oblique-slip derived from this analysis are 2.3 and 2.9 km (Table 1). Strike-slip displacement is thus roughly half the dip-slip displacement.
Linear projection of the hinge line of the Griffith Park anticline at the basement-cover contact to the Hollywood fault (Fig.  6) , introduces uncertainty that is difficult to quantify. The difference in plunge between the Griffith Park anticline axis (28Њ) and the Elysian Park anticline axis (6Њ) is not accounted for in our estimation. Factors that may contribute to the difference in plunge across the Hollywood fault include (1) the fault geometry at depth (i.e., whether it is curviplanar (concave-up) or Figure 6 . Estimates of dip-slip fault displacement across H e . Paleoseismologic and geologic data suggest that the dip of the H e ranges from 70Њ to 90Њ (Dibblee, 1982 (Dibblee, , 1991a (Dibblee, , 1991b Dolan and Sieh, 1992b; Hoots, 1931) . The hinge line used to measure offset is taken at the structural level of the basement/cover contact. Uncertainty in dipslip displacement is discussed in the text. White circles mark offset on the 70Њ fault plane, black circles mark offset on the 90Њ plane. The 50Њ fault dip gives the highest values for dip-slip displacement and displacement rate (Table 1) , but is inconsistent with published data. consists of multiple planar segments of varying dip), (2) the possible noncylindrical nature of the Elysian Park fold, and (3) tilting of Topanga strata prior to folding. Displacement across a fault characterized by multiple planar fault segments with variable dip or by a curviplanar, listric geometry will result in progressive tilting and rotation of the hanging wall about subhorizontal axes (Medwedeff and Suppe, 1997; Seeber and Sorlien, 2000) . Variable dip of the Hollywood fault at depth is consistent with the interpretation that the Malibu Coast-Santa Monica-Hollywood fault system is listric farther west (Seeber and Sorlien, 2000) , and with interpretations that the fault is a splay off a blind thrust underlying the Santa Monica Mountains anticlinorium (Davis and Namson, 1994; Davis et al., 1996) . An originally noncylindrical fold implies that high displacement gradients on the underlying blind Elysian Park fault have existed during fold growth, or that the hinge lines are curvilinear or irregular. Folding in this area involves basement rocks with significant preexisting structural relief and complexity (Davis et al., 1989 (Davis et al., , 1991a (Davis et al., , 1991b Wright, 1991) , which implies that the cylindrical-fold assumption may be an oversimplification. Evidence for an earlier period of tilting of Topanga-age strata is indicated by deposition of Puente or Modelo directly on basement on the east side of the Griffith Park anticline (Dibblee, 1989) . In each of these cases, linear projection of the hinge line represents a minimum estimate of the dip-slip component of displacement, depending on the dip of the fault and the extent of overthrusting by the hanging wall. Left slip on the eastern Hollywood fault can also be seen in a pair of offset bedrock stream channels (Fig. 4) . A threereach drainage basin south of Mount Hollywood coalesces into a single channel at the fault. A second, smaller catchment lies to the east of the adjacent larger catchment. To the south and east across the fault, two beheaded stream channels cross the Elysian Hills. The extent of dissection and development of these channels suggests that they formed in association with a catchment larger than any available within the Elysian Hills. The pairs of streams on each side of the fault have parallel courses and each pair is separated by an interfluve developed in crystalline rock. It seems probable that the stream pairs represent the same streams offset in a left sense by the eastern segment of the Hollywood fault. A strike-slip displacement of 575 ‫ע‬ 75 m is indicated from measurement of valley walls of each channel and the centerline of the interfluve. To the west, a third channel developed along the contact between crystalline basement and overlying volcanic rocks is offset in a consistent sense and amount across the fault (850 m; Fig. 4) .
A topographic scarp reflecting the dip-slip component of late Quaternary fault slip is partially developed on the southern flank of the eastern Santa Monica Mountains. An ϳ90-m-high topographic ramp that parallels the eastern segment of the Hollywood fault is inferred to be a fault scarp . Shallow subsurface geologic data from this scarp reveal juxtaposition of hanging-wall basement rocks over upper Quaternary footwall strata . Elsewhere along the mountain front, youthful fault scarps are not well preserved, although topographic relief of the range front exceeds 600 m. Erosion rates in the Santa Monica Mountains have been estimated to be ϳ0.5 mm/yr (Meigs et al., 1999) . If uplift rates are comparable to erosion rates, then late Quaternary scarps generated during individual earthquakes may have been removed by erosion between events.
In order to translate estimates of slip magnitude into estimates of slip rate, age constraints on the displacements must be established. Data that constrain directly the age of any portion of the Malibu Coast-Santa Monica-Hollywood fault system have not been identified (Dibblee, 1982; Hoots, 1931; Lamar, 1970; Wright, 1991; Yeats, 1968; Yeats, 1976; Yeats and Beall, 1991) . Several indirect age estimates suggest a long history of left slip on the fault system. More than 60 km of post-Oligocene left slip across the boundary region between the Peninsular and Transverse Ranges provinces has been inferred (Lamar, 1970; Truex, 1976; Yeats, 1968; Yeats, 1976) , although the constraints on total offset are not well established. Correlation of basement rock types and Paleocene redbeds exposed in the Santa Monica Mountains, the Puente Hills, and the Santa Ana Mountains suggests 26-40 km left lateral displacement since the early Miocene (Tsutsumi, 1996) . This slip was probably distributed across the boundary region because no single fault or fault system can account for total the inferred offset (Tsutsumi, 1996) . Much of the left slip may have accompanied the period of block rotation between 18 and 12 Ma (Ingersoll and Rumelhart, 1999) . Estimates of offset of the late Miocene Tarzana fan by 15-16 km across the Malibu Coast-Santa Monica-Hollywood fault system are made on the basis of correlation of facies in the Modelo Formation in the Santa Monica Mountains with facies in the Puente Formation exposed in the Elysian Park anticline (Redin, 1991; Sullwold, 1960) . This correlation provides the best published evidence for significant left slip of the Hollywood fault since late Miocene time. If the Griffith Park and Elysian Park anticlines are correlative, then the magnitude and timing of displacement along the Hollywood fault synchronous with or occurring after formation of these two folds can be established (i.e., Pliocene to Holocene time). The age of the folds, therefore, brackets an interval of time over which slip accumulated and allows the long-term slip rate to be estimated.
Age of the Griffith Park anticline cannot be determined directly because no growth strata are preserved on the limbs of the fold. The youngest rocks exposed on the limbs of the anticline are Modelo Formation exposed on the southeastern limb (Fig. 3) , although the contact with the basement has been mapped as both a depositional contact and a fault (Dibblee, 1991b; Hoots, 1931) . Topanga strata are structurally continuous across a syncline (the Griffith Park syncline), formed between the Griffith Park and Santa Monica Mountains anticlines (Fig.  3) . Thus, the age of the Griffith Park syncline, and by inference, the age of the anticline, are equivalent to the Santa Monica Mountains anticline. Growth strata and fault-stratal crosscutting relationships indicate initial contractional growth of the Santa Monica Mountains anticlinorium by 5 Ma, possibly as early as ca. 6 Ma (Schneider et al., 1996; Tsutsumi et al., 2001; Wright, 1991) . Initiation of growth of the Elysian Park anticlinorium occurred during deposition of the Lower Fernando (Repetto) Formation (5-2.5 Ma) (Schneider et al., 1996; Soper and Grant, 1932; Wright, 1991) . When these age relationships are combined with the crosscutting relationship between the Hollywood fault and hanging-wall and footwall folds, 2.5-5 Ma is a reasonable maximum age for offset of folds across the fault. If the offsets are younger, then fault displacement rate would be greater by a factor of 2 (Table 1) .
Combining the net dip-, strike-, and oblique-slip and a 5 Ma maximum age for the eastern Hollywood fault allows the average slip rate over the past 2.5-5 m.y. to be calculated (Table  1) . Minimum and maximum dip-slip displacement rates, given uncertainties discussed above, are 0.3 and 0.5 mm/yr, respectively. These end members are calculated for a fault dip of 90Њ and ‫004מ‬ m depth to the basement-cover contact at the crest of the Elysian Park anticline (minimum) and a fault dip of 70Њ and ‫008מ‬ m depth (maximum). Strike-slip displacement rate is 0.3-0.6 mm/yr. Combined, these bracket the oblique-slip rate to between 0.5 and 0.6 mm/yr. Because the amount of strikeslip is reasonably well constrained, uncertainty in the obliqueslip reflects primarily the large uncertainty in dip-slip and age of initiation of fold growth. The rates are higher for shallower fault dip angles and for younger ages of initiation (50Њ, 2.5 Ma, respectively; Table 1) . If correct, then the strike-slip displacement rate indicates that the stream network in the eastern Santa Monica Mountains developed in the early Pleistocene (offset * Figure 7 . Fault-parallel serial cross sections depicting bedrock structure to the north-northeast (A) and south-southeast (B) of H w . Dip data are from unpublished field observations and published maps (Dibblee, 1982 (Dibblee, , 1991a (Dibblee, , 1991b Hoots, 1931; Lamar, 1970) . C: The top of the Miocene volcanic sequence extracted from hanging-wall section A (thick, gray line) and footwall section B (thick, black line) to illustrate the separation across and uplift on the H w . 
SMa GPa
GPa NNW average rate ‫1מ‬ ‫ס‬ ϳ0.575 km * (0.3-0.6 km/m.y.) ‫1מ‬ ‫ס‬ 1.0-1.9 Ma). Independent age determination for formation of the drainages would independently bracket displacement rate on the eastern Hollywood fault.
Western segment of the Hollywood fault
In contrast to the eastern segment, bedrock contacts and structure across the eastern end of the western segment of the Hollywood fault exhibit right separation (Figs. 3 and 4) . The magnitude of that separation decreases eastward from the branch point of the eastern and western segments (point bp, Fig. 3B) . A contact between Miocene volcanic rocks and overlying sedimentary strata is separated by ϳ1450 m (Figs. 4 and  7) . To the east, separation of ϳ365 m is suggested by the offset of the Griffith Park synclinal axis across the fault. Stratigraphic separation across the fault appears to decrease toward zero within Miocene strata to the east of the intersection of the fault and the Griffith Park syncline. Upper Pleistocene-Holocene soils cut by the Hollywood fault show a similar right sense, although with a normal dip-slip component, across the western segment (Dolan et al., , 2000b . Cross sections parallel to the fault point to ϳ400 m of hanging-wall uplift of the base of the Griffith Park syncline relative to the footwall near the eastern end of the western segment (Fig. 7) .
Existing paleoseismologic data document a large dip-slip component of displacement on the western Hollywood fault (Dolan et al., , 2000b . However, evidence of lateral motion is equivocal. North-side-down normal faulting revealed locally in excavations across the fault is the principal observation used to argue for lateral displacement (point cp, Fig. 3B ). At the same excavation, right separation of a soil horizon provides support for the inferred lateral displacement. In an attempt to reconcile these observations with data suggesting large left slip regionally (Redin, 1991; Truex, 1976; Yeats, 1968; Yeats, 1976) , normal faulting and right separation were attributed to releasing bends at minor northeast-trending steps along the surface trace of the fault .
Bedrock relationships, in contrast, show right separation on the western segment of the Hollywood fault that decreases systematically eastward toward the end of the fault (Fig. 3B) . Other systematic changes to the east include diminishing ver- , the east Beverly Hills anticline (EBHa), the Wilshire Arch (Wa), the Elysian Park anticline (EPa), the Santa Monica fault (SM), the west Beverly Hills lineament (WBH), and the western and eastern segments of the Hollywood fault (H w , H e , respectively). Paleomagnetic and geodetic data indicate that the hanging wall of the Hollywood fault has rotated ϳ30Њ since 5 Ma, whereas no such data are available for the EPa (see text for discussion). Consequently, the trend of the EPa is held fixed in its present orientation. tical separation across the fault and the eastward plunge and concomitant decrease in structural and topographic relief of the Santa Monica Mountains anticline (Fig. 3) . Together, these observations suggest that dip-slip motion on the western Hollywood fault has been accompanied by folding of the hanging wall and that a large displacement gradient exists along the easternmost 2.5 km of the fault (0.6 km/km). The right separation likely reflects dip-slip motion accompanied by eastward fault-tip propagation. Thus, right slip inferred for the western segment and left slip across the eastern segment of the Hollywood fault are not exclusive.
MA TO HOLOCENE INTERACTION BETWEEN THE SANTA MONICA AND ELYSIAN PARK ANTICLINES
A map-view model for the development of a portion of the boundary region between the Transverse and Peninsular Ranges provinces is proposed in order to synthesize our preferred interpretation of the interactions among the Santa Monica Mountains anticline, the Hollywood fault, and the Elysian Park anticline (Fig. 8) . Present north is the frame of reference for the model, which depicts the evolution of the boundary region over the past five million years. A steady 6Њ/m.y. rotation rate of the boundary region is assumed (Molnar and Gipson, 1994) . Structures depicted at 5 Ma are rotated 30Њ counterclockwise from their present position. Rotation of the Santa Monica Mountains is well constrained by paleomagnetic data (Hornafius et al., 1986) . Intermediate stages at 2.5 and 0.5 Ma are presented to schematically illustrate the sequential development of the principal structures. Their temporal development is unconstrained at the scale of these time steps, but the stages are included to provide a sense of the structural orientation and development as the boundary zone evolved.
Growth of the Elysian Park and Santa Monica Mountains anticlines began at ca. 5 Ma and resulted in the creation of bathymetric highs that affected sediment dispersal patterns on the northern margin of the Los Angeles basin (Fig. 8A) (Blake, 1991; Schneider et al., 1996; Wright, 1991; Yeats and Beall, 1991) . The east Beverly Hills anticline and Wilshire arch comprise the Santa Monica Mountains anticlinorium structural high (Figs. 8A and B) (Meigs et al., 1999) . Along-strike propagation of each anticline is inferred to have accompanied increasing displacement on associated faults. Isolation of the Santa Monica Mountains anticline from the east Beverly Hills anticline and Wilshire arch between 2.5 and 0.5 Ma is loosely constrained by the inferred development of the Hollywood basin in the footwall of the Hollywood fault by 1 Ma (Fig. 8B) (Hummon et al., 1994) .
Structural interference has resulted from eastward propa-gation of the Santa Monica Mountains anticline toward the northwestward-propagating Elysian Park anticline. We infer that the Hollywood fault was reactivated as a response to the interaction due to lateral propagation of the anticlines ( Fig. 8B and C). The ϳ1.7-2.5 km of reverse slip on the Hollywood fault is one consequence of that interference ( Fig. 6 and Table  1 
DISCUSSION
Correlation of the Griffith Park and Elysian Park anticlines is the key interpretation that allows the net displacement on the Hollywood fault to be estimated (Fig. 4 and Table 1 ) and the evolutionary model to be constructed. These folds involve basement and cover rocks that record a complex tectonic history that predates the time frame of this analysis. Thus, although each fold involves rocks of generally similar age, our interpretation rests on the observation that the two anticlines have similar northwest trends (Figs. 3 and 5) . Linking the two folds on the basis of structural trend alone has an associated uncertainty. This uncertainty is unavoidable when crosscutting structural features are the sole basis of correlation. However, the northwest trend of these folds is clearly different from the easttrending Santa Monica Mountains anticline. The difference in trend, coupled with the observation that both the Elysian Park and Griffith Park anticlines are truncated at a high angle by the Hollywood fault, favors the inference that the Elysian Park and Griffith Park anticlines are correlative structures. Moreover, neither fold is related to the Santa Monica Mountains anticline. Unfortunately, growth strata that would establish the age of the Griffith Park anticline are not preserved. Determining whether the Elysian Park and Griffith Park anticlines grew over the same time period would provide a key test of the hypothesis that they are correlative.
Alternative models to that proposed in this study include: (1) That the Griffith Park anticline is an older structure unrelated to the Elysian Park anticline and has been passively uplifted by formation of the Santa Monica Mountains anticline and displacement on the Hollywood fault; or (2) That the Elysian Park and Griffith anticlines formed contemporaneously, but independently. Variations on alternative (2) include (a) that the Griffith Park anticline formed farther east than the present Elysian Park anticline (implying a larger Pliocene to Holocene lateral displacement than reported in Table 1 ), (b) that the Griffith Park anticline formed between the present position of the Elysian Park and the Griffith Park anticlines (implying a smaller Pliocene to Holocene lateral displacement than reported in Table 1), or (c) that the Griffith Park and Elysian Park anticlines are Յ 2.5 m.y. If (b) is more likely, then the upper estimate for slip and slip rate (2.9 km, 0.6 mm/yr) represent the maximum post-Pliocene rate. If (a) or (c) are more likely, then the slip rates are even higher than the maximum rates reported in Table  1 . Although none of these alternatives can be ruled-out definitively, the ϳ16 km offset of the Tarzana fan across the Hollywood fault after 8 Ma (Redin, 1991; Wright, 1991) , implies a lateral slip rate of ϳ2 mm/yr, higher than our rate, which is consistent with either alternatives (a) or (c). Establishing the age of the channels offset across the Hollywood fault would provide a test of these alternatives because the age would form the basis of a rate estimate at a different time scale than these structural and stratigraphic constraints.
Steady rotation of the Transverse Ranges relative to the Peninsular Ranges requires that the ratio of dip to strike slip on the Hollywood and other faults within the boundary region changed with time (Fig. 2) . If the boundary between the Transverse and Peninsular Ranges provinces is depicted as a line, then the relative proportion of boundary-parallel versus boundary-normal motion can be estimated. Because the Transverse Ranges are presently east-west trending, the ratio of boundary-parallel to -normal motion is predicted to be relatively small (Figs. 2C and D) (Argus et al., 1999; Jackson and Molnar, 1990; Molnar and Gipson, 1994) . Restoration of the Transverse Ranges to their 5 Ma position and orientation (Nicholson et al., 1994) , rotates the boundary counterclockwise ϳ30Њ and suggests an initial boundary-parallel to boundary-normal ratio of 0.6 ( Fig. 2A) . Thus, this ratio would systematically decrease from 0.6-0 between 5 and 0 Ma as a function of the rotation rate and fault orientation (Fig. 2D) . The ratio is insensitive to the absolute magnitude of the displacements, which depends on the rate and direction of the velocity vector of the Transverse Ranges relative to the Peninsular Ranges. Bedrock offsets presented here indicate that the ratio of parallel to normal motion on the Hollywood fault is Ͼ0.5 or that dip-slip motion has been greater than the strike-slip motion over the past 2.5-5 m.y., consistent with the kinematic model. Available data lack sufficient temporal resolution to determine whether the sense of slip has changed systematically through time. However, a changing ratio of strike to dip slip is consistent with available data if the drainage network offset laterally across the eastern segment is relatively old (Fig. 4) , and if late Quaternary slip is dominated by dip-slip displacement, as indicated by paleoseismologic data (Dolan et al., , 2000b .
Long-term slip rates compare favorably with paleoseismologic and other data, which suggests that the Quaternary dip-slip rate ranges from 0.25 to 0.4 mm/yr and that the strike-slip rate is probably similar . Because of uncertainties in the slip estimates based on bedrock offsets, it is not possible to determine whether the factor of 2-4 differences between rates calculated from paleoseismologic and bedrock constraints is significant (Table 1) . Regardless, these low rates are consistent with the inference that the Hollywood fault is characterized by long earthquake recurrence intervals (Dolan et al., , 2000b . The dip-slip rate is consistent with the 0.6 mm/ yr minimum rate estimated from deformed geomorphic surfaces to the west on the Santa Monica fault (Fig. 3) (Dolan et al., 2000a; Johnson et al., 1996) . A low dip-slip rate for the Hollywood fault suggests that 3-4 mm/yr slip rates inferred from crustal cross sections of the blind thrust at depth beneath the Santa Monica Mountains (Davis et al., 1989; Davis and Namson, 1994) are too high by an order of magnitude (Dolan et al., 2000a; Johnson et al., 1996; Meigs et al., 1999) . Moreover, these results are consistent with an emerging picture of relatively slow crestal uplift and dip-slip rates on blind faults and associated folds in the northern Los Angeles basin (Meigs et al., 1999; Oskin et al., 2000; Schneider et al., 1996) .
The limited left slip across the Hollywood fault indicated by correlation of the Griffith Park and Elysian Park anticlines implies that the Transverse Ranges has remained relatively coupled to the Peninsular Ranges at the longitude of downtown Los Angeles since at least 2.5 Ma. If significant late Quaternary left slip has occurred on the boundary fault system (Walls et al., 1998) , that motion must have occurred on faults other than the Hollywood fault. Alternatively, significant left slip may have occurred along the southern boundary of the Transverse Ranges prior to 2.5-5 Ma.
CONCLUSIONS
Bedrock and geomorphic offsets in the eastern Santa Monica Mountains and Elysian Hills provide the first suggestion of the magnitude of Pliocene and lateral left slip along the Hollywood fault. Displacement across the fault is most clearly documented across its eastern segment, where the Elysian Park anticline may be truncated by the fault, resulting in transfer of a portion of the fold to the hanging wall. This key relationship suggests that the structural evolution of the boundary region involved structural interference between the Elysian Park and Santa Monica Mountains anticlines as they propagated toward each other. The Hollywood fault appears to have simultaneously accommodated shortening and left-lateral differential motion across the boundary zone. The proposed truncation of the Elysian Park anticline by the Hollywood fault is also the key relationship that enables the net dip-slip of 1.7-2.5 km, strike-slip of 1.5 km, and oblique slip of 2.3-2.9 km to be determined from bedrock relationships. Smaller left slip (575-850 m) is marked by stream channels beveled into the evolving structures. A strike-slip to dip-slip ratio of ϳ0.5 implies greater dip-slip than strike-slip motion since formation of the two anticlines. Using a 5 Ma age for initiation of the Santa Monica Mountains and Elysian Park anticlines enables minimum rates of 0.3-0.5 mm/yr, 0.3 mm/yr, and 0.5-0.6 mm/yr for the dipslip, strike-slip, and oblique-slip components, respectively. Using a 2.5 Ma age for initiation of the Elysian Park anticline doubles these rates. Slip-rate estimates presented here are consistent with rates determined using geomorphologic and paleoseismologic data, and support characterization of oblique-slip fold-fault pairs in the northern Los Angeles basin as having low fault slip-rates, low crestal uplift rates, and long recurrence intervals between major earthquakes. The low rate of strike-slip on the Hollywood fault is inconsistent with proposed significant late Quaternary left slip on the southern boundary of the Transverse Ranges.
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